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Abstract
Key message The transcriptomes of wild and cultivated grapes consists of similar expressed genes but distinct wiring 
of co-expressed modules associated with environmental conditions.
Abstract Grapevine is an important fruit crop worldwide, with high economic value and widespread distribution. Commercial 
production is based on Vitis vinifera, and, to a lesser extent, on hybrids with American grapes, such as V. labrusca. Wild 
grape relatives are important sources of resistance against biotic and abiotic factors; however, their global gene expression 
patterns remain poorly characterized. We associated genome-wide transcript profiling to phenotypic analyses to investigate 
the responses of cultivated and wild vines to vineyard conditions. The expressed genes in the Vitis reference transcriptome 
are largely shared by wild grapes, V. labrusca hybrids and vinifera cultivars. In contrast, significant differential regula-
tion between wild and vinifera genotypes represents 80% of gene expression variation, regardless of the environment. In 
wild grapes, genes associated to regulatory processes are downregulated, whereas those involved in metabolic pathways 
are upregulated, in comparison to vinifera. Photosynthesis-related ontologies are overrepresented in the induced genes, in 
agreement with higher contents of chlorophyll in wild grapes. Co-regulated gene network analyses provide evidence of 
more complex transcriptome organization in vinifera. In wild grapes, genes involved in signaling pathways of stress-related 
hormones are overrepresented in modules associated with the environment. Consensus network analyses revealed high 
preservation within co-regulated gene modules between cultivated and wild grapes, but divergent relationships among the 
expression clusters. In conclusion, the distinct phenotypes of wild and cultivated grapes are underlain by differences in gene 
expression, but also by distinct higher-order organization of the transcriptome and contrasting association of co-expressed 
gene clusters with the environment.
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Introduction
Grapevine is one of the most important fruit crops world-
wide due to its economic value and widespread distribution. 
Most cultivated grapes belong to the Eurasian species Vitis 
vinifera L., originated from its wild form V. vinifera subsp 
sylvestris, and considered the ancestor of modern cultivars 
(Marrano et al. 2018; Liang et al. 2019). Environmental 
factors, including temperature, light, and water availability, 
influence growth and the principal developmental stages of 
the grapevine life cycle; namely bud burst, flowering, and 
fruit ripening (véraison) (Bigard et al. 2018). Genotypes of 
cultivated grapes retain a degree of phenotypic plasticity 
in phenology control (Dal Santo et al. 2013; Mallet 2015), 
which allows the successful establishment of vineyards in 
distinct climatic regions in temperate, subtropical, and tropi-
cal regions (Maia et al. 2015; Mallet 2015).
Wild Vitaceae species are considered valuable sources 
of resistance genes against biotic and abiotic stresses (Car-
valho and Amâncio 2019; Daldoul et al. 2020) and have been 
used in interspecific crosses with V. vinifera in scion and 
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rootstock breeding programs (Maia et al. 2015). However, a 
broader characterization of the mechanisms underlying the 
resistance responses of wild grapes has only recently began 
to emerge (Marrano et al. 2018; Wang et al. 2019; Daldoul 
et al. 2020). Genetic diversity and differential regulation 
of gene expression are largely responsible for the pheno-
typic plasticity and resistance mechanisms in grapes (Dal 
Santo et al. 2013; Cramer et al. 2014; Fennell et al. 2015; 
Ghan et al. 2017; Zhou et al. 2019), although higher order 
regulatory processes, such as epigenetic modifications and 
genome-environment interactions, also have been demon-
strated to modulate grapevine responses to the environment 
(Dal Bosco et al. 2018; Magris et al. 2019).
Connectivity relationships, in the form of networks, help 
to assess the organization of complex biological systems, 
often described as ‘functionally modular’ (Hartwell et al. 
1999). In plants, comparative analyses of large-scale tran-
scriptome sequence data allowed the identification of con-
sistent networks of co-expressed genes controlling growth 
and development in several species (Jones and Vandepoele 
2020), including grapevine (Wong 2020). The intra- and 
inter-relations among gene networks are influenced by 
specific biological and environmental factors to control a 
wide range of physiological and developmental responses, 
brought about by coordinated differential gene expression 
(Jones and Vandepoele 2020; Wong 2020). Complex traits, 
such as the tolerance to water stress, were demonstrated to 
occur via gene network rewiring (VanBuren et al. 2018). 
Gene network rewiring is an effective mechanism to trans-
form a limited number of genes in a wide range of responses 
to the ever changing endogenous developmental and exog-
enous environmental conditions.
In the current study, we combined phenological analyses 
and large-scale transcriptomic data to investigate cultivated 
and wild grapevine responses to environmental vineyard 
conditions. We performed genome-wide expression analy-
ses in ten cultivated grapevine (Vitis vinifera L.) genotypes, 
three V. labrusca hybrids, and four wild vine species; V. 
flexuosa Thunb. (creeping grape), V. gigas Fennel (Florida 
blue grape), Parthenocissus heterophylla (Maxim.) Trautv. 
(Amur peppervine) and Vitis tiliifolia Humb. & Bonpl. ex 
Schult (Caribbean grape), growing in experimental vine-
yards in tropical and temperate conditions. The association 
between local environmental conditions with gene expres-
sion patterns was investigated to gain further insight into 
the mechanisms controlling growth and development of the 
cultivated and wild grapes. We also performed consensus 
analyses to study the mechanisms shared by V. vinifera and 
wild species in response to local abiotic conditions.
Materials and methods
Phenological characterization and climate data
Phenological stages were considered as described (Parker 
et al. 2013) and were evaluated for at least 10 years, under 
standard vineyard agricultural practices. The plants were 
trained in double arched guyot and submitted to late winter 
trimming. Data used for correlation analyses represent the 
average for the evaluations and is shown in Table S1. The 
phenology data is available at https ://www.embra pa.br/uva-
e-vinho /banco -ativo -de-germo plasm a-de-uva/pesqu isa.
Climate information was obtained from local meteoro-
logical stations and include vineyard altitude (m), tempera-
ture (°C), average rainfall (mm/month), solar irradiation 
(W m−2 h−1), photosynthetically active radiation (PAR, 
W m−2) and ultraviolet (UV) index.
Plant material
Mature leaves and stems from ten cultivated grapevine (Vitis 
vinifera L.) genotypes, three V. labrusca hybrids and four 
wild vine species; V. flexuosa Thunb. (creeping grape), 
V. gigas Fennel (Florida blue grape), Parthenocissus het-
erophylla (Maxim.) Trautv. (Amur peppervine) and Vitis 
tiliifolia Humb. & Bonpl. ex Schult (Caribbean grape), at 
developmental stage E-L 41 (Coombe 1995), were collected 
between May and August, from 2:00 to 4:00 ZT. Vitis gigas 
J.L. Fennel is an unresolved taxon, considered to be synony-
mous to Vitis aestivalis Michaux (FNA Editorial Commit-
tee 2016) and was excluded from further analyses. ‘Syrah’ 
and ‘Tempranillo’ were grafted onto ‘IAC 766 Campinas’ 
(Riparia do Traviù × V. caribeae) and the remaining V. vin-
ifera cultivars and labrusca hybrids onto ‘Paulsen P1103’ 
(V. berlandieri × V. rupestris). Wild species were conducted 
as self-rooted plants.
Plant location and environmental conditions are shown 
in Fig. S1 and Table S2. Pedigree for vinifera cultivars and 
labrusca hybrids was obtained from the Vitis International 
Variety Catalogue (VIVC) (Maul et al. 2019), and is sche-
matically represented in Fig. S2.
Expression validation by RT-qPCR and chlorophyll con-
tent analyses employed unrelated wild and cultivated vines, 
V. riparia and V. vinifera cv. Weisser Riesling, respectively. 
Aerial parts were harvested from 4-week old plants, grown 
in vitro, in 25 × 150 mm test tubes, containing 12 mL of 
Woody Plant medium (Lloyd and McCown 1980), at 23 °C 
and 37 °C under 16-h photoperiod provided by white LED 
sources at 75 µmol m−2 s−1.
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RNA extraction, library preparation and sequencing
Approximately 30 g of plant material from three to five 
genetically identical biological replicates was ground to fine 
powder in liquid nitrogen and used for total RNA extraction 
employing 90 mL of STE 2 X buffer (0.2 M NaCl, 0.1 M 
Tris, 0.002  M EDTA, pH 7.5), 35  mL SDS (10% w/v) 
supplemented with bentonite (45 mg/mL) and 1.6% (v/v) 
β-mercaptoethanol. The mixture was vigorously shaken for 
5 min at room temperature and added 0.3 X the volume of 
buffer-saturated phenol, pH 7.5 and 0.3 X the volume of 
chloroform:isoamyl alcohol (24:1 v/v), followed by shak-
ing for 45 min and centrifugation at 16,000g for 10 min at 
4 °C. The aqueous phase containing cellular nucleic acids 
was submitted to Whatman CF- 11 cellulose and eluted with 
STE buffer (0.1 M NaCl, 0.05 M Tris, 0.001 M Na. EDTA, 
pH 7.0) (Morris and Dodds 1979).
The quality of isolated RNA was confirmed by Agilent 
2100 Bioanalyzer RNA Nano assay (Agilent Technolo-
gies, USA) (RNA Integrity Number RIN > 7.0) and two 
micrograms were submitted to library preparation using the 
TruSeq mRNA Sample Prep kit v.2 (Illumina, San Diego, 
CA, USA) according the manufacturers’ instructions. Librar-
ies were quantified employing the Qubit 2.0 Fluorometer 
(Invitrogen, USA), quality checked by Agilent 2100 Bio-
analyzer High Sensitivity or DNA 1000 assay (Agilent 
Technologies) and submitted to Illumina pair-end sequenc-
ing using HiSeq2000 at 4 Gb depth. Data is deposited at 
Short Read Archive (SRA) database (https ://www.ncbi.nlm.
nih.gov/sra) under accession numbers SAMN14331022 to 
SAMN14331038 (BioProject PRJNA611044).
Chlorophyll quantification
Chlorophyll contents were determined as described by His-
cox and Israelstam (1979). Total chlorophyll, chlorophyll 
a and b contents were calculated according to Wellburn 
(1994).
Phenotypic and biochemical data analyses
Statistical analyses were performed in R v.4.0.0 (R Core 
Team 2019). Data are presented as mean ± standard error, 
and treatment comparisons were performed by using F sta-
tistics and Waller-Duncan K-ratio t test at P < 0.05 and 0.01. 
For clustering analyses, missing values were imputed by 
multivariate chained equations, and the dataset was scaled. 
Clusters were determined by hierarchical agglomeration 
employing Pearson’s distance as similarity measure and 
maximum linkage. multiple factor analysis (MFA) was per-
formed using the packages FactoMineR and factoextra (Lê 
et al. 2008; Kassambara and Mundt 2019). In MF analyses, 
phenotype data was grouped in phenology (bud bursting, 
flowering, and berry ripening) and disease response (fungus 
and virus). Genomic background was analyzed as categori-
cal variable, with three levels (vinifera, labrusca hybrid, and 
wild species), consisting of 10, three and four replicates, 
respectively.
Transcriptome data analyses
Raw reads were initially processed using shortRead (Morgan 
et al. 2009) to remove adapter sequences, low quality bases, 
primers, short reads, and other contaminants. Trimmed 
quality reads were mapped to grapevine transcriptome and 
quantified at the transcript-level using Salmon v 1.1.0 (Patro 
et al. 2017), against a transcriptome index constructed based 
on V. vinifera 12X v.2 assembly and its structural annotation 
(VCost.v3), available at https ://urgi.versa illes .inra.fr/Speci 
es/Vitis /Annot ation s (Canaguier et al. 2017). Transcript 
quantification data was aggregated to the gene level with 
the package tximport (Soneson et al. 2015) and used for 
differential expression analyses employing DESeq2 (Love 
et al. 2014). Differential gene expression analyses were con-
ducted by fitting two-factorial generalized linear models of 
the negative binomial family (NB) to the read counts Kij for 
gene i in sample j with a logarithmic link (Love et al. 2014). 
The normalization constant sj and the dispersion parameter 
αi were calculated as described (Love et al. 2014), where qij 
is proportional to the expectation value of the true concen-
tration of fragments from gene i in sample j, xjr denotes the 
elements of the design matrix X, and βir denote the coef-
ficients for gene i and parameters corresponding to columns 
of the design matrix r. Genes with significant differences 
(fold change > 2.0 and false discovery rate [FDR] = 0.05) in 
transcript abundance between three replicates of ‘vinifera’ 
(cultivars ‘Syrah’, ‘Tempranillo’ and ‘Trajadura’) and ‘wild’ 
species (Pathernocissus heterophylla, V. flexuosa and V. tilii-
folia), were considered as differentially expressed (DEGs).
Gene networks and consensus eigengene networks 
between wild species and vinifera cultivars were constructed 
using the package WGCNA v. 1.69 (Langfelder and Horvath 
2008) in R, using normalized transcription data. Adjacency 
matrices were used to summarize co-expression modules 
using a soft-threshold power selected based on the lowest 
mean connectivity and the highest model fit to scale-free 
topology. Adjacency matrices were transformed to topo-
logical overlap matrices (TOM) to determine co-regulated 
genes, using a minimal module size of 20 genes. Effects 
of noise and spurious association were reduced by trans-
forming TOM to the corresponding dissimilarity. Modules 
with co-expression similarity higher than 75% were merged. 
Eigengene features gene significance (GS) and module 
membership (MM) were used in correlation analyses to 
environmental data.
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Gene ontology was investigated using GO Enrichment 
analysis and redundant terms in the lists were reduced using 
REVIGO (Supek et al. 2011). Promoter enrichment analyses 
were carried out using ShinyGO v0.61 (Ge and Jung 2020) 
and protein–protein interactions were determined using 
STRING databases (Szklarczyk et al. 2019). Metabolic path-
ways were represented according to KEGG mappings using 
pathview (Luo and Brouwer 2013) in R.
Quantitative real time polymerase chain reaction 
(RT‑qPCR)
RNA seq expression profile was confirmed by RT-qPCR 
for fourteen randomly selected genes (Fig. S3, Table S3). 
Primers were designed for coding sequences (CDs) of the 
candidate reference genes of Vitis vinifera genome 12X v.2 
assembly and its structural annotation (VCost.v3), available 
at https ://urgi.versa illes .inra.fr/Speci es/Vitis /Annot ation s 
(Canaguier et al. 2017), using the default parameters of the 
software Primer3Plus (Untergasser et al. 2007) and ampli-
cons ranging from 151 to 240 base pairs in size (Table S3). 
Expression was validated for wild and vinifera genotypes 
unrelated to those submitted to RNASeq, namely, Vitis 
riparia (wild) and ‘Weisser Riesling’ (V. vinifera).
Independent RNA extractions were carried out in tripli-
cate for cultivated and wild material, using a modified CTAB 
protocol (Gambino et al. 2008). RNA quality and quantity 
were analyzed by spectrophotometric absorbance ratio at 
 A260/A280 and  A260/A230. The integrity of the total RNAs 
was confirmed in 1% (w/v) agarose gel electrophoresis, 
stained with SYBRSafe (Invitrogen, CA, USA). Genomic 
DNA was eliminated by RNase free DNAse I (ThermoFis-
cher Scientific) treatment, as recommended by the manu-
facturer, and confirmed by qPCR. Synthesis of cDNA was 
carried out from 1 μg of total RNA using Oligo d(T) prim-
ers and SuperScript® III First-Strand Synthesis SuperMix 
(ThermoFischer Scientific), according to the manufacturer 
recommendations.
Amplifications were performed at a StepOne Real Time 
PCR System (Applied Biosystems) and the SYBR Green 
PCR Master Mix (Applied Biosystems). The reactions were 
performed in a total volume of 15 μL, consisting of 7.5 μL 
of the mix, 30 ng of cDNA and 300 nM each, forward and 
reverse, primer. Amplifications started with a denaturation 
step at 95 °C for 10 min, followed by 40 cycles consisting 
of 15 s at 95 °C and 1 min at 60 °C, finalized by the dis-
sociation curve with denaturation at 95 °C for 15 s, cooling 
at 60 °C for 1 min and gradual heating, at 0.3 °C steps, up 
to 95 °C. Control reactions in the absence of template were 
used to confirm the absence of DNA contamination. The 
amplification curve for an equimolar pool of cDNAs from all 
tested samples at five distinct concentrations was used to val-
idate the primers by dissociation curves and peak analyses. 
Relative expression levels were determined employing four 
reference genes (Table S3) using the 2−ΔΔCT method 
(Livak and Schmittgen 2001).
Results
In the current work, we compared the transcriptome of com-
mercially cultivated and wild grapes, grown in standard 
vineyards in tropical and sub-tropical conditions. The plants 
consist in phenotypically characterized germplasm acces-
sions of vinifera cultivars, labrusca hybrids and wild grape 
species. We studied quantitative differences in gene expres-
sion and transcriptome organization among the genotypes. 
The consensus gene expression profile between vinifera and 
wild genotypes was determined, functionally classified, and 
related to environmental conditions.
Phenotypic and transcriptional plasticity 
of grapevines
Thirteen cultivated grapevine cultivars and four wild grape 
genotypes were characterized phenotypically for their phe-
nological behavior and disease incidence responses, for at 
least 10 years, in experimental vineyards.
The ten V. vinifera cultivars exhibited similar pheno-
logical and disease incidence responses during long-term 
evaluations (Fig. 1, Fig. S4, Table S1). Among the consid-
ered phenological events in vinifera genotypes, flowering 
and bud burst timing were more widely distributed in time, 
ranging from 58 to 41, and from 89 to 76 days (Δ = 17 and 
13), respectively, whereas, berry ripening ranged from 46 
to 35 (Δ  = 11) days in the investigated cultivars (Fig. 1, 
Table S1). V. vinifera cultivars exhibited visible viral infec-
tion symptoms, and most of them (6/10) were also highly 
susceptible to fungal pathogens, whereas, the incidence of 
fungal diseases and presence of viral infection symptoms 
were lower in V. labrusca hybrids (Fig. 1). The timing of the 
investigated phenological events was less disperse among 
the investigated V. labrusca cultivars, even though a late 
cultivar (‘Tardia de Caxias’) was included in the study. The 
timing of bud burst of ‘Tardia de Caxias’ was on average 
10 days later in comparison to ‘Isabella’ genotypes in tem-
perate and tropical conditions, and 10 days earlier, for berry 
ripening, (Fig. 1, Table S1).
The investigated wild grapes, including three Vitaceae 
species: V. flexuosa, V. gigas and V. tiliifolia, and P. het-
erophylla, exhibited no symptoms of viral infection and 
low incidence of fungal diseases (Fig. 1, Table S1). The 
timing of bud burst ranged from 74 (V. gigas and V. tilii-
folia) to 95 days (P. heterophylla), whereas flowering was 
more condensed in time, ranging from 60 (V. tiliifolia) 
to 49 (V. flexuosa) days (Fig. 1, Table S1). Except for V. 
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gigas, berry ripening data was not determined for the wild 
grapes due to inconsistencies in the classical ‘ripening’ 
features of berries from wild grapes, such as firmness, 
color, and sugar contents. Phenotypically, the investigated 
genotypes were clustered in seven groups, consisting of P. 
heterophylla, the wild species, ‘Isabella’ labrusca hybrids, 
and three clusters of vinifera cultivars, also including the 
hybrid ‘Tardia de Caxias’ (Fig. 1, Fig. S4).
The transcriptional profile of Vitis cultivars and wild 
grapes was determined for plants grown in germplasm 
vineyards located in distinct environmental conditions 
(Fig. 2a, Table S2). Sequencing depth was variable among 
Fig. 1  Phenotypic analyses of the investigated V. vinifera, V. labrusca 
hybrids and wild grape genotypes. Phenological, disease response, 
and berry color data (a). Phenology and disease symptom incidence 
are represented as heatmaps. Values are presented in Table S1. Grey 
squares represent non-available data. Berry color is represented sche-
matically by blue (noir), green (blanc), red (rouge) and pink (rosé). 
Hierarchical agglomerative clustering of the investigated genotypes 
based on their phenotypes (b). Quantitative variable multiple factor 
analyses (MFA) of the phenotypic data grouped in phenology and 
disease response (c)
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the sequences, due to distinct technical and experimental 
conditions, such as library preparation and sequencing 
efficiency, rRNA carry-over, and biological contamination 
(Table 1). Contaminating sequences were removed by bio-
informatic approaches. The read depth after cleaning was 
superior to the recommended for gene expression profiling 
experiments (5–25 million reads per sample) in all samples 
(Liu et al. 2014). Three major clusters of transcriptional 
profiles and one outlier (‘Pirovano 65’ syn. ‘Italia’) were 
detected for V. vinifera. For V. labrusca, ‘Isabella’ acces-
sions cultivated in distinct locations exhibited similar whole 
transcriptome, whereas the global gene expression profile 
of ‘Tardia de Caxias’ was more divergent (Fig. 2b). In wild 
grape species, the transcriptome of V. tiliifolia was the most 
distinct, whereas the expression profiles of V. flexuosa, V. 
gigas and Parthenocissus heterophylla formed a single clus-
ter (Fig. 2c).
The percentage of aggregated transcripts mapped to 
genes in V. vinifera reference genome ranged from 48.05% 
for V. labrusca to 59.73% to V. vinifera genotypes (Fig. 3a, 
Table  1). Wild grapes shared 49.18% of the annotated 
genes with the V. vinifera reference transcriptome (Fig. 3a, 
Table 1). A list of shared and genotype group-specific tran-
scripts, along with their functional annotation and gene 
ontology classification, are presented in Table S4. The 
expressed genes of the investigated wild grapes exhibited 
82.34% qualitative similarity to cultivated vinifera geno-
types, although, with distinct regulation patterns (Fig. 3).
The complexity of the transcriptome organization was 
not determined by the number of reads nor samples, since 
a difference of 17.67% in mapped reads resulted in a 40% 
difference in co-regulated gene modules between V. vinifera 
and wild grapes (Fig. 3b, c–g). In V. labrusca, the number 
of detected gene products corresponded to approximately 
half of the reference genome, organized in three co-regu-
lated modules (Fig. 3b, d). The number of expressed genes 
detected in V. labrusca was 2.39% smaller than in wild 
grapes, whereas the number of identified co-regulated mod-
ules was approximately 2.3-fold higher (Fig. 3).
Differential gene expression between wild grapes 
and V. vinifera
To further investigate the differences between the transcrip-
tome of cultivated and wild grapes, we performed differen-
tial gene expression analyses between subsets of cultivated 
and wild genotypes. The classification in vinifera and non-
vinifera materials (labrusca plus wild) explained 60% of 
the variation in gene expression (Fig. S5A, B). The com-
parison between the transcriptomes of vinifera cultivars and 
labrusca hybrids revealed similar differences, although the 
global transcriptome of ‘Tardia de Caxias’ was like that of 
vinifera cultivars, specially ‘Cabernet Franc’ (Fig. S5C, D).
Most of the variance (80%) observed in differential 
expression analyses was explained by classification of the 
genotype in wild (Pathernocissus heterophylla, V. flexu-
osa and V. tiliifolia) versus vinifera (cultivars ‘Syrah’, 
‘Tempranillo’ and ‘Trajadura’), regardless of the vineyard 
location (Fig. 4a, Fig. S5). The transcriptional profile of 
vinifera genotypes was similar, whereas wild grapes exhib-
ited more divergent profiles among each other and, in com-
parison with vinifera (Fig. 4a). Approximately 9% (8.901%, 
166 genes) of the transcripts were differentially expressed 
between wild grapes and vinifera cultivars (Fig. 4b–d). The 
overall transcriptome of V. tiliifolia was the most divergent 
among the investigated genotypes, and P. heterophylla was 
the wild grape the closest transcriptional profile to vinifera 
(Fig. 4a, Fig. S5A). Among vinifera cultivars, transcrip-
tional regulation was more similar between ‘Tempranillo’ 
and ‘Syrah’, from tropical vineyards, in comparison to ‘Tra-
jadura’ (Fig. S5A). Differential upregulation between wild 
species and vinifera cultivars ranged from 22.8- to 2.9-fold 
change, whereas downregulation was less divergent, going 
from − 8.7 to − 2.3 (Table S5). The genes with expres-
sion induced in wild vines in comparison to vinifera were 
enriched in photosynthesis light reactions, electron trans-
port and chromoprotein assembly (Table S5). Among the 
most differentially regulated genes between wild grapes 
and vinifera cultivars were VIT_18s0001g05470, cod-
ing for a terpene synthase, that was more than 15-fold 
upregulated in all wild vines and VIT_05s0049g00770, 
which encodes a proline-rich extensin-like protein EPR1, 
approximately eightfold repressed in wild grapes (Fig. 4d, 
Table S5). Other genes significantly induced in wild vines, 
such as VIT_15s0046g02730, VIT_01s0011g03430, 
V I T _ 0 9 s 0 0 1 8 g 0 0 2 4 0 ,  V I T _ 1 9 s 0 0 9 3 g 0 0 3 2 0 , 
VIT_16s0039g01070 and VIT_01s0011g00960, are func-
tionally associated with defense to biotic factors (Table S5). 
No significant ontology enrichment was detected for the 
downregulated DEGs between wild vines and vinifera culti-
vars, although a large portion (68.78%, 130/189) is involved 
in biosynthetic processes and their regulation (Table S5).
Clustering analyses demonstrated two distinct groups of 
global transcription regulation between wild vines and vinif-
era cultivars (Fig. 4c, Fig. S5A). Gene ontology enrichment 
analyses revealed that genes associated to regulatory pro-
cesses were repressed in wild grapes in comparison to vin-
ifera, whereas those associated to metabolism were upreg-
ulated (Fig. 4b, c). The upregulated genes in wild grapes 
were significantly enriched in photosynthesis (Fig. 4e) and 
protein biosynthesis (Fig. S5B) ontologies. Accordingly, 
wild grapes exhibited higher chlorophyll contents under 
distinct temperature conditions (Fig. 4f). The promoters of 
the genes repressed in wild grapes are enriched in MADS 
box, Cold Shock Domain (CSD) and Homeodomain bind-
ing motifs (Fig. S5C), whereas those of the induced genes 
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Table 1  Summary of the 
biological material and sample 
location, RNA sequencing and 
read mapping results
Biological material Sequencing 
characteristics 
Transcript mapping (V. vinifera 12X 
v.2 reference) 
















 Vitis vinifera L. Cabernet 
Sauvignon 
RS 3.70 85.33 3.69 0.9989 0.5071 
 Vitis vinifera L. Red May SP 5.34 90.18 4.83 0.8856 0.5126 
 Vitis vinifera L. Muscat Hamburg SP 5.83 90.21 5.15 0.8833 0.5071 
 Vitis vinifera L. Syrah PE 7.77 89.67 7.77 0.9998 0.4925 
 Vitis vinifera L. Tempranillo PE 7.55 90.52 7.56 0.9998 0.3735 
 Vitis vinifera L. Pirovano 65 RS 3.28 89.59 3.11 0.9402 0.5071 
 Vitis vinifera L. CG 90-450 RS 6.58 88.12 5.91 0.9013 0.5273 
 Vitis vinifera L. Sémillion RS 13.21 96.28 13.20 0.9997 0.3339 
 Vitis vinifera L. Trajadura RS 9.76 96.37 9.75 0.9997 0.3672 
 Vitis vinifera L. Cabernet Franc RS 9.34 96.28 9.33 0.9996 0.4200 
 V. labrusca 
hybrid 
Isabella RS 13.29 90.31 11.25 0.8464 0.5128 
 V. labrusca 
hybrid 
Isabella SP 8.07 90.26 7.31 0.9056 0.5112 
 V. labrusca 
hybrid 
Tardia de Caxias RS 9.54 96.44 9.53 0.9997 0.3532 
 Vitis flexuosa 
Thunb. 




peppervine RS 11.07 89.71 9.64 0.8712 0.5071 
Siebold & 
Zucc. 
 Vitis gigas J.L. 
Fennell 
na SP 7.42 89.67 7.41 0.9998 0.5071 




Caribbean grape RS 3.59 54.31 3.58 0.9999 0.5116 
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are significantly enrichment in APETALA2 (AP2) and basic 
Helix-Loo-Helix (bHLH) transcription factor binding sites 
(Fig. S5D).
Distinct functional classification of co‑regulated 
gene modules wild grapes and V. vinifera
The transcriptome organization was also distinct between 
V. vinifera and wild grapes (Fig. 3e, g). Transcripts from 
V. vinifera were grouped in 18 co-regulated modules, 
whereas in wild grapes a simpler organization, consisting 
of seven modules, was detected (Fig. 5a, b). The repre-
sentative (summary) eigengene for each module in vin-
ifera and wild samples was used to investigate the asso-
ciation between gene expression and local environmental 
conditions using correlation analyses (Langfelder and 
Horvath 2012). In V. vinifera, three modules (magenta, 
tan, and turquoise) were significantly correlated to external 
cues (Fig. 5a). The significance of the modules was con-
firmed by intramodular connectivity, that is the strength 
of the associations between all genes (nodes) in the same 
module, was higher than 0.4 and is shown in Fig. 5c and 
d for the largest modules (turquoise) in vinifera and wild 
grapes, respectively. The smaller modules are shown in 
Fig. S6 for vinifera (A, B) and wild grapes (C, D). Func-
tionally, module turquoise was enriched in genes associ-
ated to metabolism and regulatory processes and response 
to abiotic stimuli (Fig. 5e), whereas module tan had high 
frequency of genes located intracellularly (Fig. S6A). V. 
Cultivated vinifera and labrusca vines are represented by light and dark grey left-hand column, respec-
tively. Black column on the left represents wild species. Vineyard and germplasm bank locations are shown 
in Fig. S1 and local climate conditions are presented in Table S1
Table 1  (continued)
Fig. 2  Hierarchical clustering of whole transcriptome in V. vinifera 
(a), V. labrusca hybrids (b) and wild grape (c) genotypes. Environ-
mental conditions of the vineyards are schematically represented as 
heatmap. Temperature (°C) and rainfall (mm) are show as maximum, 
average, and minimum yearly averages. Photoperiod is represented as 
maximum and minimum daylength (h), and subjective dawn (ZT0) 
and dusk (ZT12). Solar radiation (Irr) and photosynthetically active 
radiation (PAR) are represented as yearly maximum and minimum. 
Local ultra-violet radiation indices are shown. Heatmap is scaled 
independently for each environmental condition (row), according to 
the highest and lowest observed values. Values are shown in Table S2
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vinifera module tan exhibits significant enrichment in tran-
scripts encoding proteins associated with hormone signal-
ing pathways, including auxin, brassinosteroids, abscisic 
acid, and ethylene (Fig. 6a). No significant enrichment was 
detected for module magenta, although interaction is pre-
dicted for most genes (Fig. S6B). In wild grapes, modules 
turquoise, pink, red and black were significantly correlated 
to local environmental conditions, ranging from 0.95 (tur-
quoise) to 0.37 (red) (Fig. 5d, Fig. S6C-D). Intramodular 
connectivity in module black was low (< 30%), indicating 
loose co-regulation among the genes, thus, it was excluded 
from further analyses. Modules turquoise and red were 
enriched in genes involved in metabolic processes (Fig. 5d, 
f and Fig. S6D). Gene ontology classification of the genes 
in module red in wild grapes was significantly enriched 
in hormone signaling pathways, as seen for module tan in 
vinifera, although encompassing a higher number of hor-
mone classes (Fig. 6b). No significant functional enrich-
ment was detected for genes in module pink, although 
most genes were predicted to interact by experimental 
evidence or in silico analyses (Fig. S6C).
Consensus analyses of wild grapes and V. vinifera 
gene expression networks
We investigated the consensus between transcriptional net-
works in V. vinifera and wild grapes by detecting shared 
Fig. 3  Transcriptome analyses of V. vinifera, V. labrusca and wild 
vine genotypes. Number of genes with mapped transcripts in compar-
ison to the reference V. vinifera 12 X transcriptome (a). Venn diagram 
transcriptome comparisons (b). Total of mapped genes (c). Number 
of analyzed samples and detected co-expressed gene modules (d). 
Expression profile clustering and module detection in V. vinifera (e), 
V. labrusca hybrids (f) and wild grape (g) genotypes. Modules exhib-
iting more than 75% similarity were merged and are represented as 
Merged dynamic
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Fig. 4  Differential gene expression between wild grapes and V. vin-
ifera cultivars. Principal component analysis (PCA) of the whole 
transcriptome (a). Summary of the DEG between vinifera and wild 
genotypes (b). Gene ontology (GO) (c). Differential expression sum-
mary for the top 20 most significant DEGs between vinifera and wild 
grapes (d). Gene expression log-fold change is represented as heat-
map and genotypes and vineyard locations are color-coded. Network 
representation of photosynthesis-enriched GO in the DEGs (e) and 
chlorophyll contents in cultivated and wild grapes (f). Letters repre-
sent statistically significant differences (P > 0.01) within each pigment 
class
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Fig. 5  Correlation between module eigengenes and environmental 
conditions in V. vinifera (a) and wild grapes (b). The rows correspond 
to the modules eigengenes, and the columns to the environmental 
conditions. Correlation values are represented as heatmap. Intramod-
ular and gene ontology (GO) enrichment analyses for the largest clus-
ter of co-regulated genes showing significant association with the 
environment in vinifera (c, e) and wild (d, f) grape genotypes
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Fig. 6  Functional enrichment 
analysis in hormone signaling 
pathways in co-regulated gene 
modules exhibiting significant 
association with environmental 
conditions in vinifera geno-
types (module tan) (a) and wild 
grapes (module red) (b). Hor-
mone signaling pathways are 
represented according to KEGG 
Pathways 3. Environmental 
Information Processing (map 
04075—Plant hormone signal 
transduction). Enrichment in 
genes corresponding to signal-
ing components is represented 
as hypergeometric distribution 
with the associated false discov-
ery rate (FDR)
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modules of co-expressed genes using a dissimilarity measure 
(Langfelder and Horvath 2007). Despite the differences in 
expression regulation, gene modules common to wild grapes 
and V. vinifera cultivars were identified, and their correla-
tion to environmental conditions, investigated (Fig. 7). After 
merging gene groups with similar (≥ 80%) regulation pat-
terns, 47 co-regulated consensus gene modules were found 
between V. vinifera and wild grapes, representing 36.98% 
(11,081 genes) of the whole transcriptome (Fig. 7a). The 
number of co-regulated genes per module ranged from 
2938 (turquoise) to 38 (darkslateblue). Grey blocks repre-
sent genes (2235, 16.78%) whose expression pattern do not 
exhibit statistically significant co-regulation. The heatmap 
plots show the eigengene adjacencies in each co-regulated 
network, with positive and negative correlations depicted as 
high (red) and low (blue) adjacencies, respectively (Fig. 7b). 
The rows correspond to the module eigengene, represented 
by the color of the consensus module. The preservation 
of the relationships between the modules of co-regulated 
genes in vinifera and wild vines is shown for the overall 
network (Fig. 7c). The overall preservation of the eigengene 
networks, represented by the aggregate measure of the adja-
cency preservation between the gene networks in vinifera 
Fig. 7  Consensus analyses of V. vinifera and wild grape transcrip-
tomes. Correlation analyses between vinifera and wild consensus 
genes and environmental conditions (a). Eigengene networks for V. 
vinifera and wild grapes are shown as heatmaps, and b the mean pres-
ervation of adjacency in each module is shown as barplot . The over-
all preservation between the vinifera and wild grapes networks (c) is 
presented
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and wild grapes, was high (73%), ranging from 0.78 (module 
turquoise) to 0.68 (module darkslateblue) (Fig. 7c).
Network preservation in cultivated vinifera genotypes 
was high inside the modules and among them, whereas in 
wild grapes, the preservation was preferentially intramod-
ular (Fig. 7b). The relationships among the modules of 
Fig. 8  Functional characterization of the consensus gene modules 
between vinifera and wild vines by GO enrichment analyses. Bio-
logical process (a) and molecular function (b) are shown for module 
turquoise. Number of genes and GO in modules darkorange (c) and 
orangered4 (d). Functional enrichment in module midnightblue (e). 
Metabolism of terpenoids and polyketides pathway is represented 
according to KEGG Pathways 1. Metabolism (map 00908—Zea-
tin biosynthesis). Enrichment in genes corresponding to metabolic 
enzymes is represented as hypergeometric distribution with the asso-
ciated false discovery rate (FDR)
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co-regulated genes were shown to be distinct in V. vinifera 
and wild grapes (Fig. 7b).
Four consensus modules of co-regulated genes (dar-
korange, orangered4, midnightblue and turquoise), con-
served in vinifera and wild grapes, exhibited high corre-
lation to environmental factors (Fig. 7a). Non-redundant 
functional enrichment analyses demonstrated that module 
turquoise is enriched in genes associated with biological 
regulation, response to abiotic stresses, including osmotic, 
water deprivation, salt stress and cold, and signaling to 
environmental factors, such as temperature stimulus and 
abscisic acid (Fig. 8a). The most frequent molecular func-
tions in the module correspond to signal perception and 
transduction, including transcription regulation and pro-
tein modification (Fig. 8b). The remaining co-regulated 
modules are smaller, consisting of 236 (midnightblue), 98 
(darkorange) and 57 (orangered4) genes (Fig. 8c–e). No 
significant functional enrichment was found in modules 
darkorange and orangered4 (Fig. 8c, d), whereas tran-
scripts encoding enzymes involved in terpenoid backbone 
biosynthesis were highly represented in module midnight-
blue (Fig. 8e).
Discussion
In the family Vitaceae, most genomic and post-genomic 
information is from the cultivated species V. vinifera and 
its hybrids. The commercial importance of the fruit drives 
most studies to grapevine reproductive development, notably 
berry ripening (Magris et al. 2019; Dal Santo et al. 2016, 
2018; Ghan et al. 2017; Zenoni et al. 2017; Cramer et al. 
2014). However, the reproductive cycle of grapevines spans 
a period of two consecutive years, and environmental condi-
tions during inflorescence differentiation and flower develop-
ment are critical for berry production (Carmona et al. 2008). 
In the current study, we investigated the global profiles of 
gene expression of the vegetative development of cultivated 
and wild grapes, growing under distinct environmental con-
ditions. We compared the structure of the transcriptomes, 
differential gene expression, the consensus between vinifera 
and wild grapes and the correlation between gene expression 
patterns and local environmental conditions in the vineyards.
Cultivated and wild grapes exhibit distinct 
transcriptome organization
Most cultivated grapes belong to the Eurasian species V. 
vinifera, and, even though there are thousands of known 
genotypes, they share extensive ancestry (Laucou et al. 
2018). Cultivated grapevines exhibit a simple popula-
tion structure with three ancestral groups and substantial 
admixture, suggesting that a small number of cross-fer-
tilized parents gave rise to distinct descents (Zhou et al. 
2019). Accordingly, modern Italian cultivars were demon-
strated to share extensive haplotype regions (Magris et al. 
2019). Four distinct transcriptome profiles were detected 
among ten investigated V. vinifera genotypes, although not 
directly representative of parentage relationships. ‘Piro-
vano 65’ (syn. ‘Italia’) exhibited the most divergent tran-
scriptome, despite sharing extensive parentage with Red 
May, whose global expression profile was also distant from 
their common parent, ‘Muscat Hamburg’. Promoter motif-
enrichment in co-expressed gene networks has been shown 
for several stress and developmental process in grapevine 
(Wong et al. 2017). A study combining genome sequenc-
ing and transcriptional profiling analyses demonstrated 
that conserved cis-regulatory regions are responsible for 
co-regulated gene expression in Italian cultivars sharing 
parentage, rather than haplotype conservation (Magris 
et  al. 2019). Accordingly, the differentially expressed 
genes between vinifera and wild grapes were shown to be 
enriched in distinct promoter motifs in our study.
The organization of the transcriptome in vinifera con-
sisted of a larger number of co-regulated gene modules; 
however, the total number of expressed genes was higher 
than in labrusca hybrids and wild grapes. A two-step fil-
tering procedure in the statistical analyses, namely, first 
removing genes and samples with low variance, and sub-
sequently, removing outlier samples, eliminates the bias 
induced by different gene numbers (Langfelder and Hor-
vath 2012). Further confirmation of the biological mean-
ing of the distinct transcriptome organization is shown in 
the comparison between labrusca hybrids and wild vines, 
where the number of identified genes is similar, and yet 
the number of significant co-regulated modules is higher 
in wild species.
Genome-wide expression analyses of wild grapes is 
scarce, except for the rootstock species V. riparia (Khadka 
et al. 2019; Hopper et al. 2016; Fennell et al. 2015). The 
transcriptional profile of four phylogenetically distant 
wild grapes, representing two of the major genera in Vita-
cea, Vitis and Parthenocissus (Chu et al. 2018; Ickert-
Bond et al. 2018) was determined. The total number of 
expressed genes in wild species was higher than detected 
in V. labrusca hybrids and the most similar global pro-
files were found between the Asian species V. flexuosa and 
the American V. gigas, indicating that geographic origin 
does not directly determine transcriptional regulation, as 
observed for cultivated grapes (Livigni et al. 2019; Magris 
et al. 2019). The similarity of the expression profiles in V. 
vinifera and V. tiliifolia was also shown in a phylogenetic 
study based on transcriptome (Wen et al. 2013).
Besides the structural transcriptome organization, dif-
ferential gene expression analyses demonstrated significant 
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variation between vinifera and wild genotypes. The genes 
involved in regulatory processes are repressed in wild 
grapes, as observed for pistachio, olive, and other crops 
(Olsen and Wendel 2013; Gros-Balthazard et al. 2019; 
Zeng et al. 2019). Differences in expression and transcrip-
tion wiring with domestication have been demonstrated 
for other crop species (Guo et al. 2016; Sauvage et al. 
2017; Zeng et al. 2019). The simpler organization of the 
transcriptome agrees with repression of regulatory genes 
in wild vines in comparison to vinifera. In tomato, the 
transcriptome of wild and domesticated genotypes also 
displayed distinct wiring, although conserved metabolic 
hubs were present (Zhu et al. 2018). A broad study of 
the transcriptome of wild and domesticated animals and 
plants suggests that domestication reduced transcrip-
tional diversity, due to a decrease in genetic variation 
(Liu et  al. 2019). However, in olives the reduction in 
nucleotide diversity during domestication is not followed 
by decreased expression diversity (Gros-Balthazard et al. 
2019). The authors suggest that the weaker domestication 
syndrome in perennial plant species may contribute for 
the retained transcriptional diversity. In grapevine, local 
sequence conservation, rather than genome wide diversity, 
appears to be responsible for gene expression regulation 
(Magris et al. 2019).
Environmental conditions are associated to gene 
expression patterns in vinifera and wild grapes
A complex combination of abiotic and biotic factors is 
responsible for the environmental conditions affecting plant 
growth in the field (Mittler 2006). The simultaneous occur-
rence of several stresses can induce synergistic or antagonis-
tic responses, so transcriptome studies in grapevine tend to 
investigate the effect of isolated contributors (Hopper et al. 
2016; Haile et al. 2017; Khadka et al. 2019). In our work, 
quantitative abiotic factors were correlated to gene expres-
sion in vinifera cultivars and wild grapes. The limitation 
of the approach is that it does not allow determination of 
causal relationships, so the observed patterns of expression 
co-regulation could be caused by or consequences of the 
local environment.
In V. vinifera, co-regulated genes associated to the envi-
ronment are enriched in regulatory process, in agreement 
the induction of this class of genes in comparison to wild 
grapes. In contrast, in wild grapes the gene modules associ-
ated to environmental conditions are enriched in metabolic 
processes, including carbohydrate and nitrogen metabolism. 
The distinct strategies employed by vinifera and hybrid 
genomic contexts of grapes in response to abiotic stresses 
was shown previously (Zha et al. 2018; Carvalho and Amân-
cio 2019). Wild vines are considered important sources of 
resistance to biotic and abiotic stresses (Daldoul et al. 2020). 
Accordingly, the expression of genes associated with resist-
ance processes is induced in wild grapes, in comparison to 
vinifera. The repression of the expression of genes involved 
in regulatory processes and induction of those associated 
with metabolism may underly the differences in the tim-
ing of phenological events between wild grapes and vinifera 
cultivars, such as the expanded timing of bud burst and the 
condensed transition to flowering. The maintenance of meta-
bolic processes, such as photosynthesis, would allow favora-
ble carbohydrate and energy levels to sustain earlier bud 
burst and extended vegetation in wild grapes. The involve-
ment of carbohydrate and energy metabolism in develop-
mental transitions in grapevine has been demonstrated in 
previous works (Carmona et al. 2008; Fennell et al. 2015). 
Similarly, in wild grapes the expression of several genes 
encoding hormone-signaling partners involved in reproduc-
tive development is tightly correlated with the environment, 
which may also contribute to the more diverse phenological 
behavior. A study combining QTL mapping and transcrip-
tional analyses identified gibberellin and brassinosteroid 
signaling genes among those inducing early flowering in 
grapevine (Kamal et al. 2019), as observed in module red 
in our study. The correlation between these candidates and 
environmental conditions may contribute to understanding 
how exogenous cues control flowering in grapevine. Distinct 
transcriptome wiring between wild and cultivated genotypes 
has been described for other perennial crop species, includ-
ing olives (Gros-Balthazard et al. 2019), pistachio (Zeng 
et al. 2019), and Asian pear (Li et al. 2019).
Consensus transcriptome shared by wild 
and cultivated vines contains modules 
of co‑regulated genes associated 
to the environment
Despite the differences in gene expression and transcrip-
tome organization, vinifera and wild grapes share consensus 
modules of co-regulated genes. However, the relationships 
between the conserved modules was different in vinifera and 
wild grapes, with the later exhibiting low network preserva-
tion between modules. These findings demonstrate a higher 
order of differential wiring between the transcriptomes of V. 
vinifera and the wild grapes. In tomato, a study combining 
large scale gene expression and population genomics dem-
onstrated that domestication has caused high order transcrip-
tional re-wiring, affecting whole gene networks involved in 
carbohydrate metabolism and epigenetic regulation of gene 
expression (Sauvage et al. 2017). The selection for alleles 
associated to larger fruits resulted in altered metabolite pro-
files due to their linkage with co-expressed, neighboring 
genes (Zhu et al. 2018).
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The consensus modules significantly correlated to vine-
yard local conditions are enriched in genes associated with 
biological regulation, response to abiotic stresses, includ-
ing osmotic, water deprivation, salt stress and cold, and 
signaling to environmental factors, such as temperature 
stimulus and abscisic acid, and represent molecular func-
tions involved in signal perception and transduction, includ-
ing transcription regulation and protein modification. The 
consensus network algorithm does not use a priori infor-
mation, so the results of the enrichment analyses work as 
an internal validation criterion, confirming the association 
of the co-regulated modules with environmental features. 
A similar approach was used to identify key regulators in 
the development of flowers and fruits in wild strawberry 
(Fragaria vesca) (Shahan et al. 2018). Consensus networks 
have a more robust overall performance in predicting gene 
association than networks inferred from single datasets, 
as shown for Arabidopsis (Wirojsirasak et al. 2019). Our 
consensus network analyses indicate the common involve-
ment of defense, biological regulation, and catabolism in the 
responses of grapevines and wild grapes to the environment. 
The consensus analyses also suggested a role for the genes 
encoding zeatin biosynthesis enzymes in grape responses 
to abiotic conditions. A similar role of the hormone and its 
precursors has been demonstrated for Arabidopsis and other 
species (Schäfer et al. 2015; Osugi et al. 2017).
In conclusion, comparative transcriptome analyses 
revealed distinct patterns of gene expression regulation 
and whole-transcriptome organization between cultivated 
and wild grapes (Fig. 9). Differential expression analyses 
revealed that regulatory genes are repressed, whereas those 
involved in metabolic processes are induced in wild grapes 
in comparison to vinifera. Differentially expressed genes 
between vinifera and wild genotypes are enriched in distinct 
cis-regulatory motifs, expanding the previous reports of the 
importance of promoter elements in controlling transcription 
diversity in Vitacea. The organization of the transcriptome in 
V. vinifera is structurally more complex than in wild grapes. 
Gene networks associated with local environmental condi-
tions are enriched in regulatory processes in V. vinifera and 
in metabolic pathways in wild grapes. Consensus analyses 
revealed conserved co-expressed gene networks between 
wild and cultivated grapes, although with divergent con-
nections, indicating differences in higher orders of transcrip-
tome organization.
Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s1110 3-021-01122 -2.
Fig. 9  Summary schematic representation of the transcriptional dif-
ferences between V. vinifera and wild vines. Red and green arrows 
represent differentially up- and down-regulated genes between vinif-
era and wild vines, respectively. Heatmap plots represent the network 
of the genes in co-regulated modules, obtained from the topological 
overlap matrix (TOM). High and low adjacency (overlap) are repre-
sented in red and light yellow, respectively. Gene networks are repre-
sented as color-coded modules presented in Fig. 3
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